Capacitive tactile sensors are constructed and installed to the fingers of the HKUST hands for measurement of position, force and direction of principle curvature of contact point. The hardware and software for signal processing are designed such that the contact information is sent to the motion control computer in real time. Experiments in rolling and sliding contact motions are then performed for testing the functionality of the tactile sensing system in motion control. The measurement of contact velocities obtained from the sensor is also compared with that calculated from the theoretical contact equations. This paper describes the tactile sensing system and the experimental result in contact motion control.
Introduction
Tactile sensor is a device for measuring contact position and contact force. Among the different methods of 
Calculating Contact Information
The co-ordinate of contact point pc is calculated by:
The symbols are defined as follow. S is the set ((5, y) I z, y = 0,. . . ,15} of co-ordinates of the capacitors. p is the co-ordinate of a particular capacitor ( p E S ). Io, is the amplitude of current flowing through capacitor C, at no load. I, is the measured amplitude of current flowing through capacitor C, during operation. s is the point { p I p E S and (Ip-&) is maximum } which is the point with maximum increase in current amplitude. B, is the 7 x 7 neighborhood of s. F is the contact force.
The summation is performed within B, only in order to save computation time. In the above calculation, we have assumed a co-ordinate frame with the origin placed on the capacitor with index (0,O). The x axis is parallel to the direction of copper stripes in the top layer and the y axis is perpendicular to the x axis. The distance between two adjacent capacitors which are located along a line parallel to either axis is one unit. Initial calibration shows that the relationship between F and the applied load is linear. If the region of the object surface in contact with the sensor is round shaped, the set of capacitors providing active (above idle) signals will be located within an elliptic region. In the extreme case, if a sharp edge is in contact with the sensor, the set of capacitors providing active signals will be located along a line. The following procedure is used to calculate the parameters of the ellipse of the contact region. Let and R is plotted in figure 2 . The spherical objects are not equally rigid and deform differently at the contact points. Hence, the effective radius are different from the measurement. This causes the fluctuation in the result. The ratio T = can provide a rough idea of the shape of the object surface in contact. If T = 1, the contacting surface is similar to that of a sphere. A huge value of T means that the sensor is in contact with an edge. The angle 6' of H, , , is the direction angle of the major axis which can also be thought of as the direction of the minor principle curvature of the object 
Rolling Motion
An experiment is performed to test the co-ordination of robot motion in contact with curved surface using tactile sensing. An American football is placed on a table. One of the robot arm of the HKUST hands [9] with a flat tactile sensor installed in the tool frame is then programmed to touch the football. The tactile sensor then rolls in the direction of minor principle curvature of the American football. The co-ordinate of contact point and the direction of minor principle curvature measured from tactile sensor are used in real time for controlling the motion. The following is the algorithm of the rolling motion.
Initialize Gt with initial tool frame.
Move to Gt; Delay 0.1 second;
The symbols are defined as follow. IEF is a constant.
V is the range of desired contact force. Fd is the desired value of contact force. F is the measured value of contact force. 0 is the measured angle between direction of minor principle curvature of object contact point and the x axis of contact frame on tactile sensor. w is the direction vector of object minor principle curvature in the sensor contact frame. n is the outward normal vector of the contact point on the sensor surface in the sensor contact frame. h is the axis of rotation around the contact point in the sensor frame. w is the axis of rotation around the contact point in the world frame. @ is the angle of rotation in each step, which is set to ~1 7 2 0 .
G, is the transformation matrix from the tool frame to the sensor contact frame. Gt is the transformation matrix from the world frame to the tool frame. It is also the target configuration of the tool frame (G,, Gt E SE3).
The robot repeatedly moves the tool frame Gt such that the sensor moves in the direction of the normal axis of contact until the contact force is within the desired range. Afterwards, the sensor will rotate around the contact point for a small angle. The axis of rotation h is the vector of major curvature on the object at the contact point. The mixed sequence of contact force adjustments and small rotations build up the rolling motion.
Contact Equations
In order to show how well the tactile sensor measures the dynamic contact point, the motion data is tested with the contact equations derived by Montana [7] . The contact equations are:
The velocity V, = ( w, wy w, w, wy w, )t is the body velocity of the sensor relative to the object in the contact frame. w, = ( w, wy w, )t is the angular velocity of the sensor and w, = ( w, wy w, ) t is the linear velocity. KO is the curvature form at the contact point of the object and K , is the curvature form at the contact point of the sensor. Both of the curvature forms are relative to the contact frame. p , is the contact co-ordinate of the sensor in the sensor frame and p , is the contact co-ordinate of the object.
fu and fv are the vectors of co-ordinate axes of sensor frame at the contact point relative to the tool frame.
The tool frame is located at the centre of the sensor surface with its x and y axes parallel to the surface. We use a rectangular co-ordinate chart on the flat sensor surface for each contact point such that the co-ordinate of sensor contact point relative to the tool frame is ( U w 0 ). The orientation of the contact frame is always identical to that of the tool frame. f, and fu are then constant orthonormal unit vectors. Hence, M is the identity matrix. K , and T are zero matrices and
Imagine a plane passing through the two vertices of the American football. The plane intersect the football at a curve which is a portion of a circumference of a big circle. The tangent vector of the curve is always in the direction of minor principle curvature. The radius of the circle is estimated to be 180 mm and hence the minor principle curvature k,, of the American football is 1/180. Imagine again a line joining the two vertices of the football. A plane normal to the line will intersect the football in a smaller circle 6. The major curvature is then estimated to be 1/r where r is the radius of the small circle C. We call this second curvature kyt. The value of r is computed from the position of contact in the world frame.
In the contact equations, KO is measured in the frame with the x and y axes in alignment with that of the sensor contact frame. Using the measured angle 8 between the axis of the minor curvature and the x axis of the sensor contact frame, the object curvature form at each contact point is computed as follow.
The data of sensor motion is sampled such that Gt(tn) is the tool frame relative to the world frame at time t, where n is the sampling index. Let p,(t,) r= (psz (t,), p,, (t,) ) be the measured sensor contact coordinate at time t,. From p,(t,) , the sensor contact frame Gs(tn) relative to the tool frame at time t, is given by:
The configuration G(t,) of the contact point relative to the world frame at time t, is then given by G(t,) =
Gt(tn).Gs(tn).
At time tn+l, the configuration of the original contact point on the sensor at time t, will have moved to Gp(tn+l) where Gp(tn+l) = 
Gt(t,+l).G,(t,).
The sensor body velocity Vs(tn) relative to the object in the contact frame at time t, is then given by:
where 6t, = tn+l -t,. Hence, the sensor velocity Vs(tn) = ( w, wy wz oz uy U, ) t is computed.
The velocity of object contact point co-ordinate is estimated by the actual distance traveled in the sensor frame, assuming that the object is static relative to the world frame. Let po(tn) = ( doX(tn) Ijoy(tn) ) be the object contact velocity at time t,. Let the z,y axes of G(t,) be fx(tn),fy(tn) (and the position vector of the origin of G(t,) be q(t,). Then,
I .

P o y ( t n ) = -(Q(tn+l) -4.(t,))t.fy(tn) Strl
For each sample, the velocity and curvature values are calculated assuming dt, = 1 V n . The values are then substituted into the contact equations for comparing with the expected ljo(tn) and lj, (t,) . The result is shown in the following figures. Notice that the objec:t contact velocity is very close to the sensor contact velocity. This is a special case of rolling motion when tbe same chart are used in the sensor frame and the object frame at the contact. The measured U, is very small when compared to the contact velocity. This also agreess with the contact equations. with that of rolling motion as the contact points move in both cases.
Rolling Contact
ter match between the velocities computed from tactile measurement and that computed from contact equations. The actual motion consists of small sequential
Sliding Contact
Another similar experiment is performed in which the sensor is programmed to slide on the American football in the initial direction of minor principle curvature. The algorithm of motion control is similar to that of rolling with the addition of sensor contact point position adjustment in each loop. The ultimate sequence of tool frame configurations are sampled and recorded. The comparison of the motion with that of the contact equations is shown in the following figures. Figure 8 and figure 9 show the comparison of calculated and measured contact point velocities in sliding motion. In figure 8 , both the measured and calculated p , vary around zero since p , should be zero for ideal sliding motion. This causes extra interference t o the motion of ideal sensor contact frames. Again, notice the small values of U, which are in close match to the contact equations. Figure 11 shows the loci of sensor contact point and object contact point in sliding motion. In the sliding motion, the sensor contact point oscillates around the initial contact location while the contact point moves along on the object surface.
The figures show that the measurements from the tactile sensor agree with that calculated from the Montana's contact equations. 
Conclusion
This paper presents the capacitive tactile sensor system of the HKUST hands. The signal processing operates in high speed which enables it to provide tactile information for real time motion control. Results of robot motion experiments in contact rolling and sliding utilizing the tactile signals are presented. The calculations of contact velocities based on the measurements from the tactile sensors agree with that derived from Montana's contact equations.
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